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(57) Abstract 

A rotary position detector is provided for detecting the relative position between two relatively rotatable members, the first member 
comprising first and second magnetic field generators and the second member comprising first and second sensors for respectively sensing 
the magnetic fields generated by the first and second magnetic field generators. The magnetic field generators are arranged to generate 
magnetic fields which spatially vary in a cyclic manner with different angular frequencies. The magnetic field generator which generates 
the magnetic field with the lower angular frequency is arranged so that it does not generate harmonic components which are around the 
angular frequency of the second magnetic field generator. This reduces the effect of distortion when there is a misalignment between the 
magnetic field generators and the sensors. 



ggST AVAILABLE uupy 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia 


AM 


Armenia 


FI 


Finland 


LT 


Lithuania 


SK 


Slovakia 


AT 


Austria 


FR 


France 


LU 


Luxembourg 


SN 


Senega] 


AU 


Australia 


GA 


Gabon 


LV 


Latvia 


sz 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and Herzegovina 


GE 


Georgia 


MD 


Republic of Moldova 


TG 


Togo 


BB 


Barbados 


GH 


Ghana 


MG 


Madagascar 


TJ 


Tajikistan 


BE 


Belgium 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmenistan 


BF 


Burkina Paso 


GR 


Greece 




Republic of Macedonia 


TR 


Turkey 


BG 


Bulgaria 


HU 


Hungary 


ML 


Malt 


TT 


Trinidad and Tobago 


BJ 


Benin 


IE 


Ireland 


MN 


Mongolia 


UA 


Ukraine 


BR 


Brazil 


IL 


Israel 


MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 


IS 


Iceland 


MW 


Malawi 


US 


United States of America 


CA 


Canada 


IT 


Italy 


MX 


Mexico 


uz 


Uzbekistan 


CF 


Central African Republic 


JP 


Japan 


NE 


Niger 


VN 


Viet Nam 


CG 


Congo 


KE 


Kenya 


NL 


Netherlands 


YU 


Yugoslavia 


CH 


Switzerland 


KG 


Kyrgyzstan 


NO 


Norway 


zw 


Zimbabwe 


CI 


Cote d'lvoirc 


KP 


Democratic People's 


NZ 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China . 


KR 


Republic of Korea 


PT 


Portugal 






CU 


Cuba 


KZ 


Kazakstan 


RO 


Romania 






CZ 


Czech Republic 


LC 


Saint Lucia 


RU 


Russian Federation 






DE 


Germany 


LI 


Liechtenstein 


SD 


Sudan 






DK 


Denmark 


LK 


Sri Lanka 


SE 


Sweden 






EE 


Estonia 


LR 


Liberia 


SG 


Singapore 







WO 99/61868 



PCT/GB99/01638 



1 

POSITION SENSOR 

The present invention relates to transducers for use in 
rotary position sensors in general. The invention has 
5 particular although not exclusive relevance to sensors 
which allow absolute position to be determined over 360° 
of rotation. 

Rotary position sensing is used in a number of 
10 applications, such as motor position feedback control 
and/or commutation, cam and crank shaft position sensing 
for controlling ignition timing, misfire detection, 
engine speed monitoring etc, robotics, machine tool 
position control and the like. 

15 

Optical encoders, resolvers, reluctance sensors, hall 
effect sensors and potentiometers are among the most 
common sensors used for rotary position sensing. Each 
has its own particular benefits, but no technology offers 
20 a truly universal solution. As a result, design 
engineers require knowledge of a number of sensing 
technologies and interfaces to solve position sensing 
problems . 

25 The applicant has already proposed a rotary position 
sensor in EP 0760087. The system described in this 
patent has a fixed sensor element, manufactured using 
printed circuit board (PCB) technology, which carries a 
number of conductors constructed as a set of quadrature 

30 sensor coils and an excitation coil. In operation, an 
AC current is applied to the excitation coil which 
generates a uniform AC magnetic field over the sensing 
- area of interest. This magnetic field couples with a 
wireless, contactless moving electrical PCB resonator 

35 comprising a coil and capacitor. In response, the 
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resonator creates its own local oscillating magnetic 
field at the same AC frequency ^ which couples back into 
the sensor coils . The EMFs generated in the sensor coils 
are then used to determine the resonator position 
5 relative to the fixed sensor element. 

The pattern of conductors on the sensor element which 
form the sensor coils are periodic , with three periods 
extending around the circuit board, thereby allowing 

10 absolute position sensing over an angle of 120°. In 
addition, the coil which forms part of the resonator has 
three lobes which are symmetrically spaced around the 
resonator PCB to match the periods of the sensor coils. 
As a result, both the sensor coils and the resonator coil 

15 have rotational symmetry and the system is therefore, 
relatively immune to effects of unwanted tilt or 
misalignment between the sensor PCB and the resonator 
PCB. A full absolute 360° sensor could be made using the 
teaching of EP 0760087. However, such a position sensor 

20 would only be suited to relatively low accuracy 360° 
measurements because (i) unwanted spatial harmonics and 
electronic processing artefacts usually limit the 
accuracy of the device to approximately 0.2% of a period, 
i.e. ±0.7° in this case; and (ii) the sensor would be 

25 more sensitive to offsets and tilts of the resonator PCB 
relative to the sensor PCB because of the lack of 
rotational symmetry which would result since the 
resonator coil would only have a single lobe to match the 
single period of the sensor coils. 

30 

The present invention therefore aims to provide a more 
accurate rotary position sensor which is less sensitive 
to PCB misalignment and tilt. 

35 According to one aspect, the present invention provides 



WO 99/61868 PCT/GB99/01638 



3 

a rotary position detector comprising first and second 
relatively rotatable members, the first member comprising 
(a) a first field generator for generating a field which 
spatially varies in a cyclic manner with an angular 

5 frequency of M; and (b) a second field generator 
comprising a winding which is wound so as to have a 
plurality of loop portions which are circumf erentially 
spaced apart, for generating a field which spatially 
varies in a cyclic manner and which comprises a 

0 fundamental component with an angular frequency of N and 
some harmonics thereof, wherein N is less than M and 
wherein the circumferential spacing between the loop 
portions is arranged so as to reduce the amplitude of 
predetermined ones of the harmonic components generated 

5 by the second field generator; said second member 
comprising (a) a first sensor which is sensitive to 
fields which spatially vary in a cyclic manner with an 
s angular frequency of M; and (b) a second sensor which is 
sensitive to fields which vary in a cyclic manner and 

0 with an angular frequency of N; whereby, in response to 
:.: a magnetic field being generated by the first and second 
field generators, first and second signals are generated 
by the first and second sensors respectively, which 
signals vary with the relative angular position of the 

5 first and second members; and means for determining the 
relative angular position of the first and second members 
from the first and second signals. 



Such a rotary position detector is advantageous because 
it is less sensitive to misalignments between the 
magnetic field generators and the sensors because the 
loop portions of the second field generator have been 
arranged so as to reduce predetermined ones of the 
harmonic components. The components which are reduced 
are preferably those with an angular frequency of M + 1, 
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since it is these components which provide the maximum 
distortion to the position measurement signals when there 
is a misalignment. 

The present invention also provides a transducer for use 
in such a rotary position detector which comprises the 
field generators and the sensors discussed above. These 
field generators and sensors are preferably formed as 
conductive tracks formed on two or more layers of printed 
circuit board, since these are relatively easy and cheap 
to manufacture. 

Exemplary embodiments of the present invention will now 
be described with reference to the accompanying drawings 
15 in which: 

Figure la schematically illustrates a sensor printed 
circuit board and a point magnetic field source which is 
rotatably movable about an axis of the printed circuit 
20 board; 

Figure lb is a plot illustrating an ideal variation in 
the magnetic coupling between the magnetic field point 
source shown in Figure la and sensor coils which are 
25 mounted on the printed circuit board shown in Figure la 
as the point source rotates about the axis; 

Figure 2a schematically illustrates the form of a sensor 
winding which may be formed on the printed circuit board 
30 shown in Figure la and which has a coupling with the 
point magnetic field source which approximates the ideal 
coupling shown in Figure lb; 

Figure 2b is a plot which illustrates the sensitivity of 
35 the sensor winding shown in Figure 2a to magnetic fields; 



5 



10 
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Figure 2c is a signal plot which shows some of the 
harmonic components of the sensitivity plot shown in 
Figure 2b; 

5 Figure 3a schematically illustrates the form of a sensor 
winding which may be formed on the printed circuit board 
shown in Figure la and which has a coupling with the 
point magnetic field source which approximates the ideal 
coupling shown in Figure lb and which has three periods 
10 of variation around the measurement path; 

Figure 3b is a plot which illustrates the sensitivity of 
the sensor coil shown in Figure 3a to magnetic fields; 

15 Figure 4a schematically illustrates the printed circuit 
board and the path taken by a point magnetic field source 
which rotates about an axis which is offset relative to 
/. the axis of the printed circuit board; 

20 Figure 4b is a cartesian plot with the origin of the 
coordinates representing the axis of the sensor printed 
circuit board and illustrating the effects of the point 
source rotating about the offset axis; 

25 Figure 4c is a plot illustrating the way in which the 
offset shown in Figure 4a distorts the signals generated 
in the sensor coil; 

Figure 5 schematically illustrates a sensor printed 
30 circuit board and a point magnetic field source which 
rotates about an axis which is tilted at an angle 
relative to the axis of the sensor printed circuit board; 

Figure 6 schematically illustrates a rotating shaft 
35 having a position encoder mounted relative thereto, for 
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encoding the position of the rotatable shaft; 

Figure 7a shows a fine sensor winding carried by a sensor 
printed circuit board which forms part of the encoder 
5 shown in Figure 6 ; 

Figure 7b shows a first layer of printed conductors which 
form part of the fine sensor windings on the sensor 
printed circuit board; 

10 

Figure 7c shows a second layer of printed conductors 
which form part of the fine sensor windings on the sensor 
printed circuit board; 

15 Figure 7d illustrates the quadrature set of fine sensor 
windings formed by the printed conductors shown in 
Figures 7b and 7c, when the two layers are superimposed; 

Figure 7e shows a coarse sensor winding carried by the 
20 sensor printed circuit board; 

Figure 7f shows a third layer of printed conductors which 
form part of the coarse sensor windings and an excitation 
winding on. the sensor printed circuit board; 

Figure 7g shows a fourth layer of printed conductors 
which form part of the coarse sensor windings and an 
excitation winding on the sensor printed circuit board; 

30 Figure 7h shows the resulting pair of quadrature coarse 
sensor windings and an excitation winding formed by 
superimposing the layers of printed conductors shown in 
Figures 7f and 7g; 

35 Figure 8a shows a top layer of printed conductors which 



WO 99/61868 



PCT/GB99/01638 



7 

forms a first portion of a resonator coil which forms 
part of the position encoder shown in Figure 6; 

Figure 8b shows a bottom layer of printed conductors 
5 which forms a second portion of the resonator coil; 

Figure 9a is a plot illustrating the way in which the 
magnetisation of the first portion of the resonator coil 
shown in Figure 8a varies around the resonator printed 
10 circuit board, when a constant current is applied to the 
resonator coil; 

Figure 9b is a plot illustrating the way in which the 
magnetisation of the second portion of the resonator coil 
15 shown in Figure 8b varies around the resonator printed 
\; circuit board, when a constant current is applied to the 
r, resonator coil; and 

r,v Figure 10 is a schematic representation of excitation and 
20 processing circuitry used to energise the excitation 
winding shown in Figure 7h and to process the signals 
received in the sensor windings shown in Figure 7d. 

GENERAL DISCUSSION 

25 The present invention is concerned with an inductive 
rotary position sensor. These devices typically employ 
a set of sensor windings which are formed on a planar 
printed circuit board and a magnetic field generator 
which is spaced apart from the sensor windings and which 

30 is operable to induce a signal in the sensor windings 
which depends upon the relative angular position of the 
magnetic field generator and the sensor windings. To 
achieve this, either the sensor windings must be 
geometrically shaped around the measurement path, so as 

35 to have a varying sensitivity to the magnetic field 
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produced by the magnetic field generator , and/or the 
magnetic field generator must be operable to generate a 
spatially varying magnetic field. In either case, the 
relative rotation between the magnetic field generator 
5 and the sensor windings results in an output signal which 
varies in dependence upon the relative angular position 
between the two. 

Figure la schematically illustrates the case in which a 
10 movable point magnetic field source 1 is provided 
relative to a fixed sensor printed circuit board 3. As 
shown, the point magnetic field source 1 rotates about 
the z-axis at a distance r therefrom and at a height, z, 
above the sensor circuit board 3. The sensor printed 
15 circuit board 3 carries a plurality of printed conductors 
4 which are connected together to form a number of sensor 
windings (not shown). These sensor windings are 
geometrically shaped about the z-axis so that as the 
magnetic field generator 1 rotates about the z-axis, the 
20 magnetic coupling between the magnetic field generator 
1 and the sensor windings varies with the angle (0) of 
rotation. 

The present invention is particularly concerned with a 
25 rotary position sensor in which the ideal variation of 
the coupling between the magnetic field generator and the 
sensor windings is sinusoidal with the rotation angle 
(0). Ideally, this will be the same regardless of the 
radius of rotation f r, or height of rotation, z, of the 
30 magnetic field generator 1 relative to the sensor printed 
circuit board 3. Such an ideal response is illustrated 
in Figure lb, which shows a sinusoidal variation which 
has a peak amplitude A(r,z) and a period of 360 0 /N , where 
N is the number of times the geometric pattern of the 
35 sensor windings repeats around the circuit board 3. The 
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sensor windings employed in the rotary position sensor 
described in EP 0760087, attempt to approximate such an 
ideal response. 

5 Figure 2a schematically illustrates the form of a set of 
conductor loops 5a-5f which are connected together to 
form a single sensor winding 5. The loops are connected 
together such that the direction of current flow in loops 
5a, 5b and 5c is opposite to the direction of current 
10 flow in loops 5d, 5e and 5f. The connections for 
connecting the loops in this manner are not shown for 
clarity. As a result of this connection, the sensor 
winding 5 has a sensitivity to the magnetic field 
generated by the point magnetic field source 1 which is 
15 shown in Figure 2b, when the field source moves over the 
v surface of. the circuit board 3 following path 6. As 
shown, the sensitivity of the sensor winding 5 is a 
.» multilevel square wave signal which approximates a 
- sinusoid with a single period over 360°. Therefore, 
20 ~. sensor winding 5 can be used to determine absolute 
: Jm ; position over 360° of rotation, provided there is a 
second similar sensor winding which is, for example, in 
spatial phase quadrature with sensor winding 5. 

25 As shown in Figure 2b, the steps in the sensitivity plot 
for the sensor winding 5 occur at the angles where the 
radial wires of the conductor loops 5a to 5f are located. 
A Fourier analysis of the sensitivity plot shown in 
Figure 2b reveals that the sensor winding's sensitivity 

30 to magnetic fields has a component which varies with the 
required sinusoidal variation (i.e. as sin(6)) as well 
as harmonic components. However, because of the left- 
right symmetry of the sensitivity function shown in 
Figure 2b, there will only be odd sine harmonic 

35 components, i.e. components which vary as sin (30), 
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sin(56), sin(70) etc. 

Figure 2c shows the required fundamental component 8, the 
third harmonic component 10 and the fifth harmonic 



of the harmonic components, the sensor winding 5 is more 
sensitive to magnetic fields which vary as sin(0) than 
it is for magnetic fields which vary as sin(30), sin(58) 
etc. The exact sensitivity to each of the harmonic 

10 components depends upon the precise location of the 
radial wires of the conductor loops 5a to 5 f around the 
printed circuit board, since these locations define the 
positions of the steps in the sensitivity plot for the 
sensor winding.- In fact, it is possible to eliminate the 

15 sensor winding's sensitivity to some of the harmonic 
components by the appropriate placement of these radial 
wires. In particular, the sensor winding's sensitivity 
to harmonic m can be eliminated by solving the following 
equation for the angles 0^ 



where L is the number of conductor loops in each half- 
period of the sensor winding. Generally speaking, the 
greater the number of conductor loops used in each half- 

25 period of sensor winding, the greater the number of 
harmonics that can be eliminated. For the sensor winding 
5 shown in Figure 2a , L = 3 and therefore, its 
sensitivity to three harmonics can be eliminated by 
appropriate placement of the radial wires of the 

30 conductor loops 5a to 5f . For example, the 3rd, 5th and 
7th harmonics can be eliminated by numerically solving 
the following equations: 



5 component 12. As represented by the different amplitudes 



20 



L 




(1) 
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cosOej +cos(36 2 ) + cos(36 3 ) = .0 

cosiSQJ + cos(50 2 ) +cos(56 3 ) = 0 (2) 

cos(7e x ) + cos(70 2 ) + cos(76 3 ) = 0 



for 0 W 8 2 and 6 3 . Since the sensitivity plot shown in 
Figure 2b is left-right symmetric about 90° , this is 
sufficient to define the positions for all the radial 
5 wires around the circuit board 3. In practice, there may 
be more than one solution to the above equations. In 
this case, the solution which is the easiest to implement 
would be used. 



10 As those skilled in the art will appreciate, the above 
analysis will hold for a circular path of any radius 
which lies between the inner and outer circumferential 
wires of the conductor loops 5a and 5f. However, the 
peak amplitude of the sinusoidal variation will vary with 

15 the radius of rotation and will typically be a maximum 
when the circular path passes approximately through the 
centre of the conductor loops 5a to 5f. 

Figure 3a schematically illustrates the form of a set of 
20 conductor loops 7a to 71 which are connected together to 
form a single sensor winding 7. As represented by the 
arrows on the conductor loops, there are six sets of 
loops which are connected together such that the 
direction of current flow in adjacent sets of loops is 
25 opposite. For example, the direction of current flow in 
loops 7a and 7b is opposite to the direction of current 
flow in loops 7c and 7d. As with the sensor winding 
shown in Figure 2a, the connections for connecting the 
loops in this manner are not shown for clarity. As a 
30 result of this connection, the sensor winding 7 has a 
sensitivity to the magnetic field generated by the point 
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magnetic field source 1 which is shown in Figure 3b f when 
the field source moves over the surface of the circuit 
board 3 following path 9. As shown, the magnetic 
sensitivity of the sensor winding 7 is a multilevel 
5 squarewave signal which approximates a sinusoid having 
a period of 120°. This is because the geometric pattern 
of the sensor winding 7 repeats after 120° (i.e. has a 
pitch of 120°) and, as a result, can only be used to 
determine absolute position over a range of 120°, if 
10 there is a second similar sensor winding which is phase 
shifted relative to sensor winding 7. 

As with the sensor winding shown in Figure 2a, the steps 
in the sensitivity function for the sensor winding 7 

15 occur at the angles where the radial wires of the 
conductor loops 7a to 71 are located. As a result of 
these steps, sensor winding 7 is sensitive to magnetic 
fields which vary like sin(30), sin(90), sin(150) etc. 
As with the sensor winding shown in Figure 2a, the sensor 

20 winding's sensitivity to some of these harmonic 
components can be eliminated by the appropriate placement 
of the radial wires of the conductor loops 7a to 71. 
However, since each half -period of the sensor winding 7 
only has two conductor loops, its sensitivity to only two 

25 of these harmonic components can be eliminated in this 
manner. 

OFFSET ERRORS 

Figure 4a schematically illustrates the case in which the 
30 movable point magnetic field source 1 rotates about an 
axis (z') which is offset from the z-axis of the sensor 
circuit board 3 by an amount (Ax) in the direction of the 
0=0 radial line. Figure 4b shows the actual circular 
path 13 taken by the point magnetic field source 1 and 
35 the path 15 which would have been taken by the magnetic 
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field source if there was no offset. As shown in Figure 
4b f the radius (r) of the path travelled by the point 
magnetic field source 1 relative to the axis of the 
sensor circuit board, oscillates about the radius (r' ) 
5 of rotation about the offset axis, once per revolution. 
In particular, it is less than r' at 8 = 0°, equal to r' 
near 8 = ±90° and greater than r' at 8 = 180°. In fact, 
for small offsets, r oscillates about r' like cos(6). 
Because the peak amplitude of the signal which couples 

10 into the sensor windings depends upon r, this introduces 
an unwanted amplitude modulation on the signals induced 
in the sensor winding. Further, as shown in Figure 4b, 
the angle (8) of rotation of the point source 1 about the 
axis of the sensor circuit board 3 also oscillates about 

15 the angle (8') of rotation about the offset axis, once 
per revolution. In particular, it matches 8' at 8 = 0° 
x and 180°, it lags 8' at 8 = 90° and it leads 6' at 0 = - 
3 90°. In fact, for small offsets, 8 oscillates about 8' 
like -sin(8). This introduces an unwanted spatial phase 

20:-. modulation of the signals induced in the sensor winding. . 

Figure 4c illustrates the effect of both the amplitude 
modulation 17 due to the relative radial oscillation as 
well as the phase modulation 19 due to the relative 

25 angular oscillation, to the fundamental signal component 
which is induced in the sensor winding 7 shown in Figure 
3a, which varies as sin(38). As can be seen from Figure 
4c, these unwanted modulations distort the fundamental 
signal 23 so that the signal which is actually induced 

30 in the sensor winding has the form of signal 21. An 
analysis of signal 21 reveals that it comprises a 
component which varies like sin(38), a component which 
varies like sin( 38 )cos(8) caused by the radial 
oscillation and a component which varies like 

35 cos{38)sin(8) caused by the angular oscillation. The 
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amplitude of these additional components increases 
linearly with the offset Ax. Therefore, by standard 
trigonometric relations, the distorted signal 21 will 
include a component that varies like sin30, a component 
5 that varies like AXsin(40) and a component that varies 
like AXsin(20). A more exact analysis reveals that in 
the general case, the distortion of the fundamental 
component (sin(N0)) by an offset, results in additional 
components which vary like AX l sin[ (N±i )8 ] , for i = 1, 2, 
10 3 ... being induced in the sensor winding. 

In addition, as those skilled in the art will appreciate, 
the offset will distort any harmonic signal components 
which are induced in the sensor winding in exactly the 
15 same way. Therefore, for harmonic component m, in 
addition to the component which varies like sin(Nm0), the 
signals induced in the sensor winding will include the 
additional components that vary like AX^inf (Nm+i )0 ] , for 
i 1 , 2 , 3 » . . . 

20 

The above analysis holds true for small values of offset 
AX. In this case, "small" is when AX is less than one- 
tenth of the mean radius of the sensor windings. 

25 TILT ERRORS 

Figure 5 schematically illustrates the situation when the 
point magnetic field source 1 rotates about an axis (z') 
which is inclined by a small angle a. about the 0 = 0 
radial line relative to the z-axis of the sensor printed 

30 circuit board 3. The effects of tilt are very similar 
to the effects of offset. In particular, if the point 
source is at a height z when 0 = 0, then, for small tilts 
(less than or equal to 1°), as the point magnetic field 
source rotates about the inclined axis z', the height of 

35 the point source from the surface of the sensor printed 
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circuit board 3 oscillates about z like -cos(0). 
Similarly, for small tilts , the radius of the path taken 
by the magnetic field generator 1 also oscillates with 
a variation like -cos (8). Additionally, for small tilts, 
5 the observed angle (0) of rotation oscillates about the 
actual angle (0') of rotation like cos(0). The effects 
of tilt, therefore produce a similar unwanted amplitude 
and phase modulation of the signals induced in the sensor 
winding. As a result, the distorted fundamental 

10 component which is induced in the sensor winding results 
in a component which varies like sin(N0), a component 
that varies like sin(N0 )cos (0 ) and a component that 
varies like cos (N0 )cos ( 0 ) . Both of these additional 
components have amplitudes that increase linearly with 

15 the tilt, a. A more detailed analysis of the distortions 
caused by tilt shows that the signals induced in the 
sensor winding will include components that vary like 
sinNm0 and components that vary like c^sinf (Nm±i)0] , for 
i 1/ 2 , ^/ • • • • 

20 

The above analysis describes the effects of an offset in 
the direction of the 0=0 radial line and a tilt about 
the 0 = 0 radial line. A similar analysis can be 
performed for any offset and tilt and the results will 
25 be the same, although the phases of the additional 
components may be different. 

In the above analysis, a rotary position sensor was 
described in which a point magnetic field source was 

30 movable relative to a fixed sensor printed circuit board 
which carries spatially shaped sensor windings . As 
mentioned above, a similar rotary position sensor could 
be provided by using a magnetic field generator which 
generates a magnetic field which spatially varies around 

35 the measurement path, together with one or more point 
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sensors to detect the spatially varying magnetic field. 
This spatially shaped magnetic field may be generated by 
passing a current through a spatially shaped winding, 
such as the windings shown in Figures 2a and 3a. For 
5 example, if a current is passed through the winding 5 
shown in Figure 2a, then it will generate a magnetic 
field which has a component which spatially varies as 
sin0, a component which varies as sin36, a component 
which varies as sin50 etc. The amplitude of each of the 

10 harmonic components at the surface of the circuit board 
depends upon the position of the radial wires of the 
windings shown in Figure 2a and some of these harmonic 
components can be eliminated by the appropriate placement 
of the radial wires (in the same way that the winding's 

15 sensitivity to certain harmonic components can be 
eliminated) . 

As those skilled in the art will appreciate, the peak 
amplitude of each of the magnetic field components 

20 generated by the winding will decrease with distance from 
the winding. It can be shown that the fall-off of the 
magnetic field component which varies as sin(mO) is 
approximately exp[-mz/2yi], where z is the distance from 
the winding. Therefore, the higher order harmonic 

25 components fall-off more rapidly than the fundamental and 
the lower order harmonic components with distance from 
the winding. Further, it can be shown that with this 
type of rotary position sensor, the same distortions 
occur to the signals which are generated in the sensor(s) 

30 when there is an offset and/or a tilt in the axis of 
rotation. 

An alternative type of rotary position sensor is one 
which uses a magnetic field generator which generates a 
35 spatially varying magnetic field and sensor windings 



WO 99/61868 



PCT/GB99/01638 



17 

which have a spatially varying sensitivity to magnetic 
field. In this type of sensor , however, the pattern of 
the magnetic field generator winding must correspond with 
the pattern of the sensor windings , otherwise there will 
5 be no coupling between the two. In particular, if the 
magnetic field generator is operable to generate a 
magnetic field which spatially varies as sin(N8) and two 
phase quadrature sensor windings are provided, one having 
a sensitivity to magnetic field which varies as sin(M0) 

10 and the other which has a sensitivity to magnetic field 
which varies as cos(M0) / then the magnetic field 
generated by the magnetic field generator will only 
couple with the sensor windings if M = N (ignoring any 
coupling which may occur with any harmonic magnetic field 

15 components). In particular, if the magnetic field 
generated by the magnetic field generator varies as 
sin(N0) and the magnetic field generator is rotated by 
j=i 0 r , then the amplitude of the magnetic field generated by 
X:. the rotated magnetic field generator will have the 

20?.; following form: 

sin(iV{0+0 r ) ) = sin(i\T0 r )cos(JV0) + cos (NQ r ) sin (Nd) (3) 

The cos(N0) component will only couple with the sensor 
winding which has a sensitivity to magnetic field which 

25 varies as cos(M0) and the sin(N0) component will only 
couple with the sensor winding which has a sensitivity 
to magnetic field which varies as sin(M0), provided that 
M = N. As a result, the signal induced in one of the 
sensor windings will vary as sin(N0 r ) and the signal 

30 induced in the other sensor winding will vary as 
cos(N0 r ). The angle of rotation 0 r can then be 
determined from an arc-tangent of the ratio of these two 
signals. 
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An analysis of the effects of tilt and/or offset of the 
axis of rotation with this type of rotary position sensor 
also shows that the same distortions occur as in the 
first type of rotary position sensor discussed above. 

5 

EMBODIMENT 

An embodiment of the present invention will now be 
described which provides a rotary position sensor which 
is less sensitive to the effects of tilt and offset and 
10 which can measure absolute position over a range of 360°. 

Figure 6 schematically shows a shaft 31 which is 
rotatable about its axis and which passes through a 
bearing 33 provided in a support wall 35. A first 

15 printed circuit board 37 carrying a resonator (not shown) 
is mounted for rotation (as represented by arrow 39) with 
the shaft 31 via a bushing (not shown) adjacent a second 
printed circuit board 41 (shown in cross-section) which 
carries a number of sensor windings (not shown) and an 

20 excitation winding (not shown). In this embodiment, the 
separation between the two printed circuit boards is 
between approximately 0.1mm and 4mm. The second printed 
circuit board 41 is fixed to the support wall 35 at the 
fixing holes 40a and 4 0b and has a central hole 43 

25 through which the rotatable shaft 31 passes. The 
excitation winding, sensor windings and the resonator are 
arranged such that when an excitation current is applied 
to the excitation winding, the resonator is energised 
which in turn induces signals in the sensor windings, the 

30 peak amplitudes of which vary sinusoidally with the angle 
of rotation of the shaft 31. The sensor windings are 
connected to processing electronics (not shown) which 
processes the induced signals to determine the rotational 
angle of the rotatable shaft 31. 

35 
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SENSOR WINDINGS 

In this embodiment, the circuit board 41 carries a pair 
of coarse sensor windings which can be used to determine 
absolute position over 360° of rotation and a pair of 
5 fine sensor windings which can be used to determine 
absolute position over 45° of rotation. In this 
embodiment, the two coarse sensor windings are in spatial 
phase quadrature with each other and the two fine sensor 
windings are in spatial phase quadrature with each other. 

10 In this embodiment, the coarse and the fine sensor 
windings are formed on a four-layer printed circuit board 
41 having an approximate diameter of 44mm, with the 
conductors for the fine sensor windings being provided 
substantially over two of the layers and the conductors 

15 for the coarse sensor windings being provided 
substantially on the other two layers. In this 
embodiment, the two layers which carry the conductors for 
: the fine sensor windings are the layers which, in use, 
< are nearest to the resonator circuit board 37 . This 

20 " ensures that there is maximum coupling between the 
: resonator and the fine sensor windings. 

Figure 7a shows the form of one of the fine sensor 
windings 51. As shown, the sensor winding 51 crosses 

25 itself sixteen times over 360°. As a result, the sensor 
winding 51 must be formed by conductor tracks on two 
separate layers of the sensor circuit board 41. The 
tracks which are on one layer of the circuit board are 
shown in full lines and the tracks which are on the other 

30 layer are shown in dashed lines. These tracks are then 
connected together at the via holes, some of which are 
numbered 55. 

Since the performance of the position sensor as a iwhole 
35 depends on the output of the fine sensor windings, the 
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accuracy of the fine sensor windings has been optimised 
by using a highly symmetrical winding arrangement. In 
particular, the fine sensor windings have been laid along 
paths defined by the following equation: 

5 

R 0 + R x , sin [86 + <J>] (4) 

where R 0 is the average radius and R { is the radial 
deviation and cfc is the starting phase (which for winding 
51 equals 0° and 180°). In this embodiment, R 0 is 

10 approximately 15mm and R { is approximately 4.5mm, R x has 
been set as large as possible given . the physical 
constraints of the circuit board size, in order to 
maximise area and hence coupling to the resonator which 
in turn results in larger signal levels and higher 

15 angular resolution. As shown in Figure 7a, the resulting 
sensor winding 51 comprises sixteen loops 51a to 51p of 
series connected conductors, connected such that adjacent 
loops are wound in the opposite sense. Thus any EMF 
induced in one loop by a common magnetic field will 

20 oppose the EMF induced in an adjacent loop. In this 
embodiment, the area enclosed by each loop is 
approximately the same, thereby making each sensor 
winding relatively immune to background electromagnetic 
interference, since EMFs induced in adjacent loops 

25 substantially cancel each other out. This also reduces 
any coupling between the excitation winding (not shown) 
and the fine sensor windings, since the excitation 
winding is operable to generate a uniform magnetic field 
around the sensor circuit board 41. 

30 

As a result of the periodic nature of the fine sensor 
winding 51, it will be sensitive to magnetic fields which 
vary as sin(88), sin (240), sin (400) etc. As mentioned 
above, the other fine sensor winding is in spatial phase 
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quadrature with sensor winding 51, and therefore, it will 
be sensitive to magnetic fields which vary as cos (80), 
cos (240), cos (400) etc. 

5 As mentioned above, the fine sensor windings are formed 
by two layers of conductor tracks with through vias where 
appropriate. Figures 7b and 7c show the two conductor 
layers which carry the conductors for the two fine sensor 
windings and Figure 7d shows the resulting two fine 

10 sensor windings 51 and 53 which are formed when the first 
and second layers of conductors shown in Figures 7b and 
7c are superimposed over each other and the tracks in 
each layer are connected at the via holes 55. In this 
embodiment, the conductor tracks shown in Figure 7c are 

15 drawn as they would be seen from the first layer shown 
in Figure 7b. As shown in Figure 7d, the fine sensor 
winding 53 has the same form as fine sensor winding 51, 
but is circumf erentially spaced from sensor winding 51 
by 11.25° (representing a quarter of a period of the fine 

20 sensor windings). Figure 7d also shows that the ends of 
sensor winding 51 are connected to a pair of connection 
pads 61 and 6 3 by a pair of connection tracks which 
follow each other on the first and second layers of the 
circuit board 41, thereby minimising any magnetic 

25 coupling between the connection tracks and the resonator. 
Similarly, the ends of sensor winding 53 are connected 
to a pair of connection pads 65 and 67 by a pair of 
connection tracks which follow each other on the first 
and second layers of the circuit board 41 to again 

30 minimise any magnetic coupling between the connection 
tracks and the resonator. 

Figure 7e shows the form of one of the coarse sensor 
windings 71, which is in substantially the same position 
35 (although on different layers) as the fine sensor 
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windings 51 and 53. In this embodiment, the via holes ! 
55 which are used to connect the conductor tracks of the 
fine sensor windings extend from the top layer of the 

printed circuit board through to the bottom layer, since j 
5 this type of via is less expensive to manufacture than j 
blind via holes which do not connect all the way through 
the circuit board. As a result, the design of the coarse 
sensor winding 71 is limited by the pattern and the 
connecting vias of the fine sensor windings 51 and 53. 

10 However, this is not critical because, in theory, the 
coarse sensor windings only need to provide a position 
indication to within approximately ± 1/16 of a circle 
although to account for manufacturing tolerances etc., 
the coarse windings are typically designed to be accurate 

15 to at least ±1/32 of a circle. 

In this embodiment, sensor winding 71 has two turns of 
conductor, each of which follows a path similar to the 
fine sensor windings, except with one period per 360°. 

20 The radial deviation of the coarse sensor winding 71 

is smaller, since high resolution is not required and 
signal level may therefore be sacrificed. Since the 
coarse sensor winding 71 has one period per 360° of 
rotation, it will be sensitive to a magnetic field which 

25 varies as sin0. It will also be sensitive to magnetic 
fields which vary as sin20, sin36, sin40 etc., since the 
coarse sensor winding 71 is not as symmetric as the fine 
sensor windings 51 and 53. The second coarse sensor 
winding has the same general form as coarse sensor 

30 winding 71 but is circumf erentially spaced from coarse 
sensor winding 71 by 90° so that the two coarse sensor 
windings are in phase quadrature. As a result, the 
second coarse sensor winding will be sensitive to 
magnetic fields which vary as cos0, cos20, cos30, cos40 

35 etc. 
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As mentioned above , the coarse sensor windings each have 
two turns of conductor. The reason for this will now be 
explained. The coarse sensor windings should not 
interfere with the performance of the fine sensor 
5 windings. One aspect of this requirement is that the 
coarse sensor windings should not disturb the magnetic 
field generated by the excitation winding in such a way 
as to generate an offset EMF in the fine sensor windings 
51 and 53. Such an offset could be caused by eddy 

10 currents flowing in the copper of the coarse sensor 
winding conductors induced by the excitation magnetic 
field. In this embodiment , a single turn of coarse 
sensor winding would cause appreciable offsets in the 
fine sensor windings, since positive and negative loops 

15 of the fine sensor windings would contain dissimilar 
coarse conductor patterns (averaged over all the periods 
of the fine sensor windings). However, if the coarse 
sensor winding pattern is repeated twice/ with a repeat 
angle of 22.5° (corresponding to half a period of the 

20 fine sensor windings) or any odd multiple of '22.5° , then 
this offset effect will be eliminated, since the effect 
of each coarse sensor winding will be equal and opposite 
in the loops of the fine sensor windings. The second 
turn of conductor used for each of the coarse sensor 

25 windings also helps to increase accuracy, due to 
increased spatial averaging and increased overall signal 
levels which are induced in the coarse sensor windings. 
It should, however, be noted that if the fine sensor 
windings have an odd number of periods around the circuit 

30 board 41, then there will not be an appreciable offset 
if the coarse sensor windings have only a single turn, 
since the 90° circumferential spacing of the second 
coarse sensor winding ensures that the effect of one 
coarse sensor winding on each fine sensor winding will 

35 be equal and opposite to the effect of the other coarse 
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sensor winding on each fine sensor winding. 

In this embodiment, however f the repeat angle between the 
two turns of each coarse sensor winding is 56.25°. This 
5 angle was chosen because it reduces the coarse sensor 
winding's sensitivity to magnetic fields which vary as 
sin30. Although this repeat angle is not ideal for 
reducing the offset caused by eddy currents flowing in 
the coarse sensor windings, it does alleviate the problem 
10 to a certain extent. 

Figures 7f and 7g show (as viewed from the first layer 
of the sensor circuit board 41 shown in Figure 7b) the 
third and fourth conductor layers of the circuit board 

15 41, which carry most of the conductors for the coarse 
sensor windings 71 and 73; and Figure 7h shows the 
resulting two coarse sensor windings 71 and 73 which are 
formed when the conductor layers shown in Figures 7f and 
7g are superimposed over each other and connected at the 

20 via holes, some of which are labelled 56. As shown in 
Figures 7b and 7c, the ends (at vias 72 and 74) of the 
coarse sensor winding 71 are connected to a pair of 
connection pads 75 and 77 and the ends (at vias 7 6 and 
78) of coarse sensor winding 73 are connected to a pair 

25 of connection pads 79 and 81. The connection tracks used 
to connect the coarse sensor windings to the connection 
pads follow each other on the first and second layers of 
the circuit board 41, thereby minimising any magnetic 
coupling between the connection tracks and the resonator. 

30 These connection tracks are provided on the first and 
second layers rather than on the third and fourth layers 
since, as shown in Figures 7f and 7g, the third and 
fourth layers of the circuit board 41 carry the 
excitation winding 85 which extends circumf erentially 

35 around the sensor board 41. As shown, the ends of the 
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excitation winding 85 are connected to a pair of 
connection pads 89 and 91 by connection tracks which 
follow each other on the third and fourth layers of the 
circuit board 41. As shown, in this embodiment, the 
5 excitation winding 85 is formed by three turns of 
conductor on each of the third and fourth layers which 
are connected together at the via 87. As a result of the 
uniform nature of the excitation winding 85, when an 
excitation current is applied to the excitation winding, 
10 a uniform magnetic field will be generated in the 
vicinity of the sensor circuit board 41. 

RESONATOR 

As mentioned above, the circuit board 37 carries a 
15 resonator as a magnetic field generator. This resonator 
is formed by a shaped inductor winding having a capacitor 
connected across the ends of the inductor winding. In 
this embodiment, the inductor . winding of the resonator 
has two portions, a first portion which is operable to 
- : 20 generate a magnetic field which includes a component 
: which spatially varies as sin0 ( for coupling with the 
coarse sensor windings 71 and 73) and a second portion 
which is operable to generate a magnetic field which 
includes a component which spatially varies as sin(86) 
25 (for coupling with the fine sensor windings 51 and 53). 

Figures 8a and 8b respectively show the conductor 
patterns which form these first and second portions of 
the resonator coil. Referring to Figure 8a, the first 

30 portion, generally indicated by reference numeral 92, has 
eight conductor loops 92a to 92h of varying width which 
are connected together in series via the via holes 93 and 
the conductor tracks of the second portion shown in 
Figure 8b, so that current flows around each loop in the 

35 same direction except for loop 92g in which the current 
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flows in the opposite direction. Figure 8b shows the 
conductor tracks of the second portion of the resonator 
coil as it would be seen from the side of the circuit 
board 37 shown in Figure 8a. As shown, the second 
5 portion 94 comprises eight spiral-shaped windings 94a to 
94h which are connected together in series via the via 
holes 93 and the loops 92a to 92h of the first portion 
92 shown in Figure 8a. The connections are arranged so 
that a current will flow in the same direction around 

10 each of the eight spiral windings 94a to 94h (which is 
the same as the direction of current flow around most of 
the loops in the first portion 92). Figure 8a also shows 
the two ends 95a and 95b of the resonator coil between 
which one or more capacitors (not shown) can be attached. 

15 In this embodiment, up to three surface mount capacitors 
(not shown) can be connected in parallel between the ends 
95a and 95b. Ideally, only one capacitor is needed, but 
other spaces are provided for additional capacitors for 
tuning purposes. 

20 

In order to determine what magnetic fields will couple 
into the resonator coil and to determine what magnetic 
fields will be generated by the resonator coil, the 
magnetisation/sensitivity plot for the two resonator coil 

25 portions 92 and 94 must be considered. Figure 9a shows 
the magnetization plot (M 92 ) for the first portion 9 2 of 
the resonator coil, around a circular path which passes 
through the centre of the loops 92a to 92h, when a 
constant current is flowing in the resonator. A Fourier 

30 analysis of this magnetization plot reveals that it has 
a DC component (which means that it will be sensitive to 
and will generate a magnetic field which does not 
spatially vary, i.e. one which is uniform over the 
measurement area), a fundamental component which varies 

35 as sin0 and a harmonic component which varies as sin (86). 
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It does not, however, include (to any significant level) 
components which vary as sin(60), sin(70), sin(98) or 
sin(lO0). This has been achieved by the particular 
placement of the radial wires of the loops 92a to 92h. 
5 Since there are 16 angles 0j to 8 16 which can be varied in 
order to change the harmonic content of the magnetic 
field generated by the first portion, this allows up to 
16 harmonic components to be eliminated from the 
magnetization plot. To eliminate the m th harmonic 
10 involves solving the following equation: 

fM S2 (6) sin(j7?8) dQ (5) 
o 



where M 92 (0) is the magnetization plot shown in Figure 
9a. This reduces to: 

•itcosWJ -cos(/n0 2 ) +cos(/n9 3 ) -cos(/770 4 ) + . . .] =0 (6) 

which is an equation in terms of the 16 unknown angles 
0 t . There will be many solutions to the equations which 
eliminate the desired harmonics and the solution which 
20 is the easiest to implement on the printed circuit board 
should be chosen. 

Figure 9b shows the magnetization plot (M 9 <) for the 
second portion 94 of the resonator inductor winding, when 
25 a constant current is flowing in the resonator coil. A 
Fourier analysis of this magnetization plot reveals that 
it has a DC component, a component which varies as 
sin (80), a component which varies as sin (400), a 
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component which varies as sin (566) etc. There is, 
however, no component (or at least a very small amount 
of the component) which varies as sin (249) because of the 
spacing of the radial wires of the loops 94a to 94h. 

5 

As will be explained below, the transducer formed by the 
sensor windings , excitation winding and the resonator 
described above with reference to Figures 7 and 8 can be 
used, with appropriate excitation and processing 
10 circuitry, to determine the absolute position of the 
rotatable shaft 31 through 360° of rotation, and which is 
less sensitive to errors caused by, for example, the 
misalignment of the resonator printed circuit board 37 
relative to the sensor printed circuit board 41. 

15 

The operation of the transducer and of the excitation and 
the processing circuitry used with the transducer will 
now be described in more detail with reference to Figure 
10. In particular, Figure 10 shows the excitation and 

20 processing circuitry 101 used to energise the excitation 
winding 85 and to process the signals which are induced 
in the sensor windings 51 , 53, 71 and 73. In this 
embodiment, the excitation and processing circuitry 101 
is mounted on the sensor circuit board 41 and is 

25 connected to the excitation winding 85 at the connection 
pads 89 and 91; is connected to the fine sensor windings 
51 and 53 at connection pads 61 and 63 and 65 and 67 
respectively; and is connected to the coarse sensor 
windings 71 and 7 3 at connection pads 75 and 77 and 79 

30 and 81 respectively. 

As shown, the excitation and processing circuitry 101 
comprises a digital waveform generator 103 which is 
operable to receive an oscillating input from a crystal 
35 oscillator 105 and to output the excitation signal which 
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is applied to the excitation winding 85 via an excitation 
driver 107. In this embodiment, the excitation signal 
is a square wave voltage having a fundamental frequency 
F 0 of 1MHz, which is matched to the resonant frequency of 
5 the resonator mounted on the resonator circuit board 37. 
The excitation current flowing on the excitation winding 
85 generates a corresponding uniform electromagnetic 
field in the vicinity of the resonator circuit board 37. 
Since the magnetisation plot of the first and second 

10 portions 92 and 94 of the resonator coil have a DC 
component, this excitation magnetic field will couple 
with the resonator coil and causes the resonator to 
resonate and a current to flow through the resonator coil 
portions 92 and 94. As a result, the resonator generates 

15 its own spatially varying magnetic field in the vicinity 
of the sensor circuit board 41. In particular, resonator 
coil portion 92 will generate a magnetic field having a 
component which spatially varies as sin0 and a component 
which spatially varies as sin (88) and resonator coil 

20 portion 94 will generate a magnetic field having a 
component which spatially varies as siri(80), a component 
which spatially varies as sin (400) etc. 

As mentioned above, the fine sensor windings 51 and 53 
25 are sensitive to magnetic fields which vary as sin (80), 
sin (240), sin (400) etc. Therefore, the component of the 
magnetic field generated by both resonator coil portions 
92 and 94 which varies as sin (80) will couple with the 
sin (80) sensitivity component of the fine sensor windings 
30 51 and 53. The harmonic component sin(4O0) generated by 
the resonator coil portion 94 will couple with the 
sin (400) sensitivity component of the fine sensor 
windings 51 and 53. However, since the sin (400) 
component will fall off rapidly with distance from the 
35 . resonator circuit board 37 and since the fine sensor 
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winding's sensitivity to this component will be at least 
1/5 the sensitivity of the fundamental component, it 
causes negligible distortion to the signal induced in the 
sensor windings by the magnetic field component which 
5 varies as sin(80). In a similar manner, the component 
of the resonator magnetic field which varies as sin0 
(generated by the resonator coil portion 92), will couple 
with the sin0 sensitivity component of the coarse sensor 
windings 71 and 73. Since the coarse sensor windings are 

10 not highly symmetric, the component of the resonator 
magnetic field which varies as sin(80) will couple with 
the sin80 sensitivity component of the coarse sensor 
windings 71 and 73. However, this not critical, since 
the coarse sensor windings 71 and 73 only have to be 

15 accurate enough to ±1/32 of a revolution and any 
distortion caused by the eighth or higher harmonics will 
be insignificant at this degree of accuracy. 

The EMFs induced in the sensor windings 51, 53, 71 and 

20. 73 are then passed through a respective mixer circuit 108 
to 111 where the EMFs are demodulated (in order to remove 
the time varying component of the induced EMFs) by 
multiplying them with a 90° phase shifted version of the 
excitation signal which was applied to the excitation 

25 winding 85. As shown, these mixing signals are generated 
by the digital waveform generator 103. The 90° phase 
shift in the mixing signal is required due to the effect 
of the resonator when it resonates . The outputs from the 
mixers 108 to 111 will each comprise a DC component which 

30 depends upon the angular position of the resonator 
circuit board 37, together with high frequency time 
varying components. The outputs from the mixers are then 
fed, one after the other, through switch 113 to a low 
pass filter 115 which removes these high frequency time 

35 varying components. The resulting DC level is then 
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converted into a digital value by the analogue-to-digital 
converter 117 and passed to the micro-controller 119. 
The microcontroller then determines the rotational angle 
of the resonator circuit board 37 by using an arc-tangent 
5 function on the digital values from the fine sensor 
windings 51 and 53 and uses the digital values received 
from the coarse sensor windings 71 and 7 3 to resolve the 
period ambiguity problem with the fine sensor windings. 
As represented by the dashed lines 121 and 123, the 
10 microprocessor 119 also controls the switching of the 
switch 113 and the signals generated by the digital 
waveform generator 103. 

A brief overview has been given of the excitation and 
15 processing circuitry employed in the present embodiment. 
A more detailed explanation can be found in, for example, 
the applicant's earlier international application 
W095/31696, the contents of which are incorporated herein 
— by reference. An alternative processing circuitry which 
20- does not use an arc-tangent function and which can be 
used to process the signals received from the sensor 
windings is described in the applicant's earlier 
international application WO98/00921 and in international 
application PCT/GB98/03910 , the contents of which are 
25 incorporated herein by reference. 

As those skilled in the art will appreciate, the reason 
why the transducer formed by the sensor circuit board 41 
and the resonator circuit board 37 is less sensitive to 

30 effects such as misalignments and tilts is because the 
resonator coil has been shaped so that it does not 
generate the spatially varying magnetic fields (in this 
embodiment components sin (60), sin (76), sin (98) or 
sin(108)) which would introduce the most distortion into 

35 the fine position measurements when there is a tilt or 
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offset. In particular , if the resonator board 37 is 
tilted relative to the sensor board 41 (so that they do 
not lie in planes which are exactly parallel), then any 
sin (60) component and any sin (108) component will cause 
5 a distortion in the signals induced in the fine sensor 
windings, which varies as a 2 and any sin (78) component 
and any sin (98) component will cause a distortion in the 
signals induced in the fine sensor windings, which varies 
linearly with a. However, since the resonator coil has 
10 been shaped so as not to generate these components (or 
to generate them to a negligible extent), the only 
distortions will be caused by components which vary as 
a 3 (or higher), and these distortions can be ignored for 
small values of misalignments and tilts. 

15 

It should, however, be noted that distortions will occur 
to the signals induced in the coarse sensor windings 71 
and 7 3 by such a tilt or offset due to the distortion of 
the DC component of the magnetic field generated by the 
20 resonator. However, this is not important, since the 
accuracy of the position sensor is not dependent on the 
signals from the coarse sensor windings. These signals 
are only used to resolve the phase ambiguity of the 
measurements from the fine sensor windings. 

25 

The effects of these distortions can be seen more clearly 
from the following tables. The first one (Table 1) shows 
the magnetic field components generated by the resonator 
coil portions 9 2 and 94 when there is no distortion 
30 together with some of the additional components which are 
generated when there is a distortion. The second table 
(Table 2) shows the components which the fine and coarse 
sensor windings are sensitive to. 



35 
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Table 1 



10 





No 

distortion 
components 


Generated 
components 
which linearly 
vary with 
distortion 


Generated 
components 
which vary 
with square of 
distortion 


Resonator 
coil 
portion 
92 


DC 

Sin0 
Sin86 


Sin8 

DC, Sin26 
Sin70, SxnSd 


Sin26 
Sin36 

Sin60, Sinioe 


Resonator 
coil i 
portion 
94 


DC 

Sin86 

Sin4O0 

Sin566 


Sin0 

Sin70, Sin90 
Sin390, Sin4l6 
Sin550, Sin570 


Sin20 

Sin60, SinlO0 
Sin380, Sin426 
Sin540, Sin580 



Table 2 





Fundamental 


l sc Harmonic 
Component 


2 nd Harmonic 
Component 


Fine sensor 
windings 51 
& 53 


Sin80 


Sin240 


Sin4O0 


Coarse 
sensor 
windings 71 
& 73 


Sin0 


Sin20 


Sin30 



As can be seen from a comparison of the components in the 
second and third column of the first table with the 
components in the second table, any misalignment of the 
resonator and the sensor windings only affects the 
30 signals in the coarse sensor windings, which is not 
critical to the design. 

MODIFICATIONS AND ALTERNATIVE EMBODIMENTS 
In the above embodiments, fine sensor windings are 
35 provided which have eight periods around the sensor 
circuit board 41. As those skilled in the art will 
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appreciate, this is not essential. The fine sensor 
windings may have any number of periods, although as the 
number of periods increases, the space on the circuit 
board 37 decreases. There .is therefore a compromise 
5 between the size of the printed circuit board used and 
the number of periods of the fine sensor winding (and 
hence accuracy of the sensor winding). Additionally, as 
those skilled in the art will appreciate, it is not 
essential for the coarse sensor windings to have only a 

10 single period around the sensor board. In an embodiment 
where the coarse sensor windings have plural periods 
around the sensor board, then a Vernier type calculation 
can be performed in order to resolve the phase ambiguity 
problem. However, this increases the calculations which 

15 have to be performed by the processing circuitry and is 
therefore not' a preferred embodiment. Additionally, in 
such an embodiment, it may be more difficult to ensure 
that any distortions do not corrupt the signals in the 
fine sensor windings. 

20 

In the above embodiment, the resonator was energised by 
passing a current through excitation winding 85 and the 
rotational angle of the resonator board (and hence of the 

i 

rotatable shaft 31) was determined from signals induced 
25 in the sensor windings 51, 53, 71 and 73. As those 
skilled in the art will appreciate, because of the 
general reciprocal nature of such inductive position 
sensors, it would be possible to energise the resonator 
circuit by applying excitation signals to the sensor 
30 windings 51, 53, 71 and 73 and to determine the angular 
position of the resonator board 37 from the signals 
induced in the excitation winding 85. In such an 
embodiment, each of the sensor windings 51, 53, 71 and 
7 3 may be excited in turn. Alternatively different 
35 frequencies of excitation signals could be used, in which 
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be processed simultaneously. Alternatively still, the 
resonator could be energised by applying excitation 
signals to the coarse sensor windings 71 and 73 with the 
5 signals received on the fine sensor windings 51 and 53 
being used to determine the angular position of the 
resonator board 37. The applicant's earlier 

International application W098/58237, the content of 
which is incorporated herein by reference, discloses a 
10 linear position sensor which operates in a similar 
manner. 

In the above embodiment, the first resonator coil portion 
92 comprised eight loop portions. As those skilled in 
15 the art will appreciate, this is not essential. Eight 
'** loop portions were used since this provides a high eighth 
harmonic component (for coupling with the fine sensor 
- windings 51 and 53) in the magnetic field generated by 
this portion of the resonator coil. 

20 

-i In the above embodiment, an electrical resonator was used 
having a spatially shaped inductor coil to generate the 
spatially varying magnetic field. As those skilled in 
the art will appreciate, other types of magnetic field 

25 generator can be used to generate the spatially varying 
magnetic fields discussed above. For example, rather 
than connecting a capacitor across the ends 95a and 95b 
of the resonator coil portions 92 and 94, the ends could 
simply be short-circuited together. However, the use of 

30 the resonant circuit is preferred since it provides 
larger signal levels and can be used in a pulse-echo mode 
of operation, in which a burst of excitation current is 
applied to the excitation winding and then after the 
burst is ended, the signals induced in the sensor 

35 windings are processed. The magnetic field generator 
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could also be formed from a layer of magnetisable 
material in which a spatially varying magnetisation 
pattern has been formed. However, this is not preferred, 
since it cannot determine the angular position when the 
5 system is at rest and requires complex and expensive 
sensor elements , e.g. Hall effect or magnetostrictive 
sensors for sensing the angular position. 

Alternatively still, the magnetic field generator may be 
10 provided by a shaped winding, such as those shown in 
Figure 8, with the ends of the windings connected to a 
power source. Such an embodiment would not, therefore, 
need the excitation winding shown in Figure 7h. However, 
this embodiment is not preferred, because it would 
15 require power to be provided to the rotating member. In 
this embodiment, however, the magnetic field coil 
portions can be made so that they do not generate any 
spatial DC component. For example, the coil portion 94 
could be adapted to have sixteen spiral loop portions, 
20 with adjacent loop portions being wound in the opposite 
sense. This is advantageous because it reduces the 
system's sensitivity to electromagnetic interference. 

In the above embodiment, the resonator on the resonator 
25 circuit board 37 was formed by an inductor coil (92 and 
94) and a capacitor. In addition to or instead of the 
capacitor, a ceramic-type resonator may be connected 
between the ends (95a and 95b) of the resonator coil. 
Such an embodiment has the advantage of increasing the 
30 Q factor of the resonant circuit. 

In the above embodiments, the sensor windings, excitation 
windings and the resonator windings were formed on layers 
of a printed circuit board. A similar position sensor 
35 can be made with thick or thin film technologies, in 
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which layers of conductive film are provided on a ceramic 
insulating substrate, with each conductive layer being 
separated by an insulating layer (which may be patterned 
so as to only insulate at the cross over points) to 
5 generate the set of excitation, sensor and resonator 
windings discussed above. 

In the above embodiment, a separate mixer was provided 
for demodulating the signals from the respective sensor 

10 windings and the demodulated signals were then passed via 
a switch, to a common filter and analogue-to-digital 
converter and then to the microprocessor. In an 
alternative embodiment, separate filters and analogue-to- 
digital converters can be provided for the output of each 

15 of the mixers. Additionally, all of this circuitry could 
be implemented using a digital ASIC (application specific 
v integrated circuit) which would reduce the overall cost 
and complexity of a design. 

20 In the above embodiment, the shape of the resonator coil 
was arranged so as to eliminate certain harmonic 
components of the field which it generates, in order to 
reduce the sensitivity of the transducer to the effects 
of, for example, tilt and misalignment between the 

25 resonator circuit board 37 and the sensor circuit board 
41. As those skilled in the art will appreciate, because 
of the reciprocal nature of this kind of position sensor, 
multi-turn sensor windings could also be used and the 
spacing between the turns of the sensor winding may be 

30 varied in order to eliminate the sensor windings 
sensitivity to certain harmonic components. However, 
this is not preferred, since multi-turn sensor windings 
add complexity to the sensor board and may result in the j 
need for more conductor layers in the sensor board 41. i 

35 ! 

I 
i 
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In the above embodiment, the resonator coil had first and 
second portions which were connected together in a single 
resonant circuit. As those skilled in the art will 
appreciate, the two coil portions do not have to be 
connected together. Instead, they may each be connected 
to a respective capacitor to form two separate resonant 
circuits, the resonant frequencies of which can be the 
same or different. In an embodiment where the resonator 
frequencies are different, one resonator would be 
provided for each of the fine and coarse sensor windings 
and the signals induced in the sensor windings would be 
synchronously detected in the same way as in the first 
embodiment, with the mixer frequency used for each sensor 
winding matching the resonant frequency of the 
corresponding resonator. Therefore, any component of the 
coarse resonator magnetic field which couples with the 
fine sensor windings will be eliminated by this process 
of synchronous detection, because it is at a different 
frequency. However, since most synchronous detection 
systems use square wave mixing using analogue switches 
(in order to reduce cost and enhance performance), the 
detectors will also be sensitive to odd multiples of 
their mixer frequencies. Therefore, in such an 
embodiment, the coarse resonant frequency should be 
chosen relative to the fine resonant frequency so that 
they are not related to these odd multiples of the mixer 
frequencies . 

The resonant frequency of the coarse resonator would 
usually be chosen to be higher than the resonant 
frequency for the fine resonant circuit. This is 
because, at frequencies above resonance, the coarse 
resonant coil will appear as a short circuit since the 
impedance of the capacitor will become small. Currents 
35 will therefore be induced in the coarse resonator at such 
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frequencies, although the phase will be shifted relative 
to the resonant phase and the effect can therefore be 
partially eliminated by synchronous detection at the 
resonant phase. If the resonant frequency of the coarse 
5 resonator is chosen to be higher than the resonant 
frequency of the fine resonator, then the coarse 
resonator will generate less of this "out of phase" field 
at the resonant frequency of the fine resonator, and 
performance will therefore be improved. 

10 

In the above embodiments, phase quadrature sensor 
windings were used. As those skilled in the art will 
appreciate, this is not essential. Absolute position can 
be determined provided the second sensor winding is phase 
15 shifted relative to the first (although not a phase shift 
corresponding to 180°). However, such an embodiment is 
not preferred, since it complicates the processing 
required by the processing circuitry. 

20 In the above embodiment, a resonator was rotatable 
relative to a fixed set of sensor windings and an 
excitation winding. As those skilled in the art will 
appreciate, the resonator circuit board could be fixed 
and the sensor circuit board could rotate with the 

25 rotatable shaft. In addition, they could both rotate 
relative to each other. However, these embodiments are 
not preferred because the excitation and processing 
circuitry would then need to be mounted on a moving 
member . 

30 

APPLICATIONS 

The absolute 360° position sensor described above is well 
suited to motor encoding. It can provide the 
functionality of a resolver, without the size f speed and 
35 cost disadvantages. It can provide the functionality of 
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an optical encoder without the size, cost and fragility, 
and with the additional benefit of absolute position 
indication. It can also perform motor commutation, by 
indicating angles at which phase currents applied to the 
5 motor coils should be switched. 

i 

The sensors described above can be made on a printed 
circuit board which can be integrated into a motor as 
part of an electronic drive system, also comprising 
10 control electronics and power switching devices. 

Where a motor is used to drive machinery etc, there is 
often a gearbox and pulley/lead screw arrangement which 
gears down the motor's output. In this case it is often 

15 advantageous to determine the position of the output of 
such drive without a position sensor at the final drive 
output. This approach simplifies the system and exposes 
fewer parts to damage. A common approach is to attach 
a multi-turn encoder to the drive motor. The number of 

20 turns is chosen to be less than the maximum number of 
turns of the final gear system so that the multi-turn 
encoder's output is representative of the absolute 
position of the gear system. 

25 A multi-turn system can be made in a number of ways, 
using a 360° encoder as described above. The motor 
shaft's output can be geared down such that the output 
of such gearing is less than 360°, and the output could 
then be measured with the 360° encoder. This approach 

30 suffers from gearbox accuracy limitations, including 
backlash. An alternative approach is to use this 
approach in conjunction with an encoder on the motor 
shaft as well. An accurate position indication can then 
be derived from the direct encoder, and the absolute 

35 position can be derived from the geared encoder. The 
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gearbox and position encoder should have sufficient 
accuracy to tell which turn the motor shaft is at, 
otherwise intermediate encoders may be necessary. This 
approach can be simplified by using a single sensor 
5 printed circuit board to measure both the motor shaft 
directly and the geared output(s) as well. This can be 
achieved by using different resonator frequencies for 
each of the different sensed parts, 

10 The rotary sensor described above can also be used to 
sense the rotary position of the camshaft and/or 
crankshaft of an engine. The sensors may be placed at 
the end of either shaft or at any other convenient 
location. Further, if the drive between the crankshaft 

15 and the camshaft is sufficiently tight, then the 
crankshaft motion may be determined from the motion of 
the camshaft. In this case, a sensor on the camshaft 
alone may be sufficient. 

20 The rotary position sensor described above can also be 
used as a versatile general purpose position transducer. 
For example, a single transducer can be configured to 
measure any angle up to 360° without any changes to the 
processing electronics, although with some possible 

25 changes to the software. This means that a programmable 
position sensor can be manufactured in large volumes and 
customised for specific customer needs at a later point. 
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CLAIMS ; 

1. A rotary position detector, comprising: 

first and second members, at least one of which is 
5 rotatable relative to the other about an axis of 
rotation; 

said first member comprising: 

(a) a first magnetic field generator for generating 
a magnetic field which spatially varies around said axis 

10 of rotation in a cyclic manner with an angular frequency 
of M; and 

(b) a second magnetic field generator comprising 
a winding which is wound around said axis of rotation and 
which has a plurality of loop portions circumf erentially 

15 spaced around said axis of rotation, for generating a 
magnetic field which spatially varies around said axis 
of rotation in a cyclic manner and which comprises a 
fundamental component with an angular frequency of N and 
harmonic components thereof, 

20 wherein N < M and wherein the circumferential 

spacing between said loop portions is arranged so as to 
reduce the amount of predetermined ones of the harmonic 
components generated by said second magnetic field 
generator; 

25 said second member comprising: 

(a) a first sensor which is sensitive to magnetic 
fields which spatially vary around said axis of rotation 
in a cyclic manner and with an angular frequency of M; 
and 

30 (b) a second sensor which is sensitive to magnetic 

fields which spatially vary around said axis of rotation 
in a cyclic manner and with an angular frequency of N; 

whereby, in response to a magnetic field being 
generated by said first and second magnetic field 

35 generators, first and second signals are generated by 
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said first and second sensors respectively , which signals 
vary with the relative angular position of said first and 
second members ; and 

means for determining the relative angular position 
5 of said first and second members from said first and 
second signals. 

2. A detector according to claim 1, wherein the 
circumferential spacing between said loop portions is 

10 arranged so as to reduce the amount of the harmonic 
components generated by said second magnetic field 
generator which have an angular frequency of M 1 1 . 

3. A detector according to claim 1 or 2, wherein the 
15 circumferential spacing between said loop portions is 

arranged so as to try to eliminate the harmonic 
components generated by said second magnetic field 
generator which have an angular frequency of M i 1. 

20 4. A detector according to claim 1, 2 or 3, wherein the 
circumferential spacing between said loop portions is 
arranged so as to try to eliminate the harmonic 
components generated by said second magnetic field 
generator which have an angular frequency of M ± 2. 

25 

5- A detector according to any preceding claim, wherein 
said second magnetic field generator is operable to 
generate said magnetic field by passing a current through 
said winding. 

30 

6. A detector according to claim 5, wherein said second 
magnetic field generator further comprises a power source 
for generating said current. 

35 7. A detector according to any preceding claim, wherein 
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said first magnetic field generator comprises a winding 
which is wound around said axis of rotation and which has 
a plurality of loop portions circumferential ly spaced 
around said axis of rotation, for generating a magnetic 
5 field which spatially varies around said axis of rotation 
in a cyclic manner and which comprises a fundamental 
component with an angular frequency of M and some 
harmonic components thereof . 

10 8. A detector according to claim 7, wherein said first 
magnetic field generator is operable to generate said 
magnetic field by passing a current through said winding, 

9. A detector according to claim 8, wherein said first 
15 magnetic field generator further comprises a power source 

for generating said current. 

10. A detector according to claim 7, wherein the ends 
of each winding are connected together through a 

20 respective capacitor, so that each magnetic field 
generator comprises a respective resonator. 

11. A detector according to claim 10, wherein the 
resonant frequency the first magnetic field generator is 

25 different to the resonant frequency of the second 
magnetic field generator. 

12. A detector according to claim 11, wherein the 
resonant frequency of said first magnetic field generator 

30 is lower than the resonant frequency of the second 
magnetic field generator. 

13. A detector according to claim 7 or 8, wherein the 
winding of said first magnetic field generator is 

35 electrically connected to the winding of said second 
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magnetic field generator. 

14. A detector according to claim 13, wherein adjacent 
loops of said second magnetic field generator are 

5 electrically connected through the loops of the first 
magnetic field generator and vice versa. 

15. A detector according to claim 13 or 14, wherein the 
ends of said windings are connected together through a 

10 capacitor, to form a resonator. 

16. A detector according to claim 13 or 14, wherein the 
ends of said windings are connected together to form a 
short circuit coil. 

15 

17. A detector according to claim 15 or 16, further 
comprising means for energising said short circuit coil 
or said resonator to cause said current to flow through 
said winding . 

20 

18. A detector according to claim 17, wherein said 
second member comprises said energising means. 

19. A detector according to claim 18, wherein said 
25 energising means comprises a winding which is 

circumf erentially wound around said axis of rotation. 

20. A detector according to any of claims 7 to 19, 
wherein said windings are located on but electrically 

30 separate from each other. 

21. A detector according to any of claims 7 to 20, 
wherein said windings are formed from at least two layers 
of conductor tracks which are connected together at a 

35 plurality of vias which pass through an insulating layer 
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disposed between said at least two layers of conductor 
tracks . 

22. A detector according to claim 21 , wherein said 
5 windings are formed from conductor tracks on at least two 

layers of a printed circuit board. 

23. A detector according to any of claims 7 to 22, 
wherein said loop portions of said windings lie in one 

10 or more planes which are substantially parallel to said 
axis of rotation. 

24. A detector according to any of claims 7 to 23, 
wherein said loop portions of said first magnetic field 

15 generator are symmetrically spaced around said axis of 
rotation. 

25. A detector according to claim 24, wherein each of 
said, loop portions of said first magnetic field generator 

20 comprises a multi turn spiral conductor. 

26. A detector according to claim 24 or 25, wherein each 
of said loop portions of said first magnetic field 
generator have substantially the same form. 

25 * 

27. A detector according to any of claims 7 to 26 , 
wherein the loop portions of said first magnetic field 
generator are wound in the same sense. 

30 28. A detector according to any of claims 7 to 27, 
wherein said first magnetic field generator comprises M 
loop portions . 

29. A detector according to any preceding claim, wherein 
35 said loop portions of said second magnetic field 
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generator enclose different areas. 

30. A detector according to any preceding claim, wherein 
each loop portion comprises at least two substantially 

5 radial portions. 

31. A detector according to claim 17, wherein the 
spacings between the substantially radial portions of the 
loops of said second magnetic field generator are not the 

10 same. 

32. A detector according to any preceding claim, wherein 
at least one loop portion of said second magnetic field 
generator is wound in the opposite sense to the other 

15 loop portions of said second magnetic field generator. 

33. A detector according to any preceding claim, wherein 
: , said second magnetic field generator is operable to 
•;v: generate a harmonic component which spatially varies 

20 around said axis of rotation with an angular frequency 
of M. 

34. A detector according to any preceding claim, wherein 
said second magnetic field generator comprises M loop 

25 portions. 

35. A detector according to any preceding claim, wherein 
said first sensor comprises a winding which is wound 
around said axis of rotation and which has a plurality 

30 of loop portions circumf erentially spaced around said 
axis of rotation so as to be sensitive to a magnetic 
field which spatially varies around said axis of rotation 
in a cyclic manner with an angular frequency of M. 

35 36. A detector according to claim 35, wherein said first 
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sensor further comprises a second winding which is wound 
around said axis of rotation and which has a plurality 
of loop portions circumf erentially spaced around said 
axis of rotation so as to be sensitive to a magnetic 
5 field which spatially varies around said axis of rotation 
in a cyclic manner with an angular frequency of M; 

wherein the loop portions of the respective windings 
are circumf erentially spaced apart; 

wherein said first sensor is operable to generate 
10 two signals in response to said first magnetic field 
generator generating a magnetic field, one from each of 
said first sensor windings; and 

wherein said determining means is operable to 
determine a fine position measurement from said two 
15 signals from said first sensor. 

37. A detector according to claim 36, wherein the 
circumferential spacing between the two windings of said 
first sensor is n/2M or an integer multiple thereof, so 

20 that said two signals are in phase quadrature. 

38. A detector according to claim 36 or 37, wherein said 
determining means is operable to determine said fine 
position measurement using a trigonometric relationship 

25 between said two signals. 

39. A detector according to any of claims 35 to 38, 
wherein the or each first sensor winding comprises 2M 
loop portions arranged in succession around said axis of 

30 rotation, each loop extending circumf erentially around 
said axis of rotation and said loops being arranged so 
that EMFs induced in adjacent loops by a common 
alternating magnetic field oppose each other. 

35 40. A detector according to any preceding claim, wherein 
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said second sensor comprises a winding which is wound 
around said axis of rotation and which has a plurality 
of loop portions circumf erentially spaced around said 
axis, of rotation so as to be sensitive to a magnetic 
5 field which spatially varies around said axis of rotation 
in a cyclic manner with an angular frequency of N . 

41. A detector according to claim 40, wherein said 
second sensor further comprises a second winding which 

10 is wound around said axis of rotation and which has a 
plurality of loop portions circumf erentially spaced 
around said axis of rotation so as to be sensitive to a 
magnetic field which spatially varies around said axis 
of rotation in a cyclic manner with an angular frequency 

15 of N; 

wherein the loop portions of the respective windings 
are circumf erentially spaced apart; 

wherein said second sensor is operable to generate 
two signals in response to said second magnetic field 
20 generator generating a magnetic field, one from each of 
said first sensor windings; and 

wherein said determining means is operable to 
determine a coarse position measurement from said two 
signals from said second sensor. 

25 

42. A detector according to claim 41, wherein the 
circumferential spacing between the two windings of said 
first sensor is n/2N or an integer multiple thereof, so 
that said two signals are in phase quadrature. 

30 

43. A detector according to claim 41 or 42, wherein said 
determining means is operable to determine said fine 
position measurement using a trigonometric relationship 
between said two signals . 
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44. A detector according to. any of claims 40 to 43, 
wherein the or each second sensor winding comprises 2N 
loop portions arranged in succession around said axis of 
rotation , each loop extending circumf erentially around 

5 said axis of rotation and said loops being arranged so 
that EMFs induced in adjacent loops by a common 
alternating magnetic field oppose each other. 

45. A detector according to any of claims 40 to 44 when 
10 dependent upon any of claims 35 to 39, wherein said 

sensor windings are formed on but electrically separate 
from each other. 

46. A detector according to claim 45, wherein said 
15 sensor windings are formed from at least two layers of 

conductor tracks which are connected together at a 
plurality of vias which pass through an insulating layer 
disposed between said at least two layers of conductor 
tracks . 

20 

47. A detector according to claim 46, wherein said 
windings are formed from conductor tracks on a multi- 
layer printed circuit board. 

25 48. A detector according to claim 47, wherein said 
sensor windings lie in one or more planes which are 
substantially parallel to said axis of rotation. 

49. A detector according to claim 47, wherein the 
30 conductor tracks for the windings of said first sensor 

are located in the layer which is closest to said 
magnetic field generators. 

50. A detector according to any preceding claim, wherein 
35 N equals one. 
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51. A detector according to any preceding claim, wherein 
M equals eight, 

52. A detector according to any preceding claim, wherein 
said first and second magnetic field generators are 
passive and wherein said second member further comprises 
means for energising said magnetic field generators. 

53. A detector according to claim 50, wherein said 
energising means is operable to apply a pule of driving 
signal during a first time interval and wherein said 
determining means is operable to process said sensor 
signals during a subsequent second time interval. 

54. A detector according to claim 51, wherein said 
determining means comprises a synchronous detector for 
demodulating the signals received from said first and 
second sensors. 



20 



55. A rotary position detector, comprising: 

first and second members, at least one of which is 
rotatable relative to the other about an axis of 
rotation; 

said first member comprising: 
25 (a) a first magnetic field generator for generating 

a magnetic field which spatially varies around said axis 
of rotation in a cyclic manner with an angular frequency 
of M; and 

(b) a second magnetic field generator comprising 
30 a winding which is wound around said axis of rotation and 
which has a plurality of loop portions circumf erentially 
spaced around said axis of rotation, for generating a 
magnetic field which spatially varies around said axis 
of rotation in a cyclic manner and which comprises a 
35 fundamental component: with an angular frequency of N and 



WO 99/61868 



PCT/GB99/01638 



52 

some harmonic components thereof, 

wherein N < M and wherein the circumferential 
spacing between said loop portions is arranged so as to 
try to eliminate predetermined ones of said harmonic 
5 components generated by said second magnetic field 
generator; 

said second member comprising: 

(a) a first sensor which is sensitive to magnetic 
fields which spatially vary around said axis of rotation 

10 in a cyclic manner and with an angular frequency of M; 
and 

(b) a second sensor which is sensitive to magnetic 
fields which spatially vary around said axis of rotation 
in a cyclic manner and with an angular frequency of N; 

15 whereby, in response to a magnetic field being 

generated by said first and second magnetic field 
generators, first and second signals are generated by 
said first and second sensors respectively, which signals 
vary with the relative angular position of said first and 

20 second members; and 

means for determining the relative angular position 
of said first and second members from said first and 
second signals. 

25 56. A rotary position detector, comprising: 

first and second members, at least one of which is 
rotatable relative to the other about an axis of 
rotation; 

said first member comprising: 
30 (a) a first magnetic field generator for generating 

a magnetic field which spatially varies around said axis 
of rotation in a cyclic manner with an angular frequency 
of M; and 

(b) a second magnetic field generator comprising 
35 a winding which is wound around said axis of rotation and 
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which has a plurality of loop portions circumf erentially 
spaced around said axis of rotation, for generating a 
magnetic field which spatially varies around said axis 
of rotation in a cyclic manner and which comprises a 
5 fundamental component with an angular frequency of N and 
some harmonic components thereof, 

wherein N < M and wherein the circumferential 
spacing between said loop portions is arranged so as to 
reduce the amount of some of the harmonic components 
10 generated by said second magnetic field generator, 
relative to the amount of said harmonic components which 
exist in a corresponding square wave signal; 
said second member comprising: 

(a) a first sensor which is sensitive to magnetic 
15 fields which spatially vary around said axis of rotation 
, in a cyclic manner and with an angular frequency of M; 
v and 

u ( b ) a second sensor which is sensitive to magnetic 

fields which spatially vary around said axis of rotation 
20 in a cyclic manner and with an angular frequency of N; 

whereby, in response to a magnetic field being 
generated by said first and second magnetic field 
generators, first and second signals are generated by 
said first and second sensors respectively, which signals 
25 vary with the relative angular position of said first and 
second members ; and 

means for determining the relative angular position 
of said first and second members from said first and 
second signals. 

30 

57. A rotary position detector, comprising: 

first and second members, at least one of which is 
rotatable relative to the other about an axis of 
rotation; 

35 said first member comprising: 
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(a) a first magnetic field generator for generating 
a magnetic field which spatially varies around said axis 
of rotation in a cyclic manner with an angular frequency 
of M; and 

5 (b) a second magnetic field generator comprising 

a winding which is wound around said axis of rotation and 
which has a plurality of loop portions circumf erentially 
spaced around said axis of rotation, for generating a 
magnetic field which spatially varies around said axis 
10 of rotation in a cyclic manner and which comprises a 
fundamental component with an angular frequency of N and 
some harmonic components thereof , 

wherein N < M and wherein the circumferential 
spacing between said loop portions is arranged so as to 
15 reduce the amount of the harmonic components generated 
by said second magnetic field generator which have an 
angular frequency of M i 1 ; 

said second member comprising: 

(a) a first sensor which is sensitive to magnetic 
20 fields which spatially vary around said axis of rotation 

in a cyclic manner and with an angular frequency of M; 
and 

(b) a second sensor which is sensitive to magnetic 
fields which spatially vary around said axis of rotation 

25 in a cyclic manner and with an angular frequency of N; 

whereby, in response to a magnetic field being 
generated by said first and second magnetic field 
generators, first and second signals are generated by 
said first and second sensors respectively, which signals 
30 vary with the relative angular position of said first and 
second members; and 

means for determining the relative angular position 
of said first and second members from said first and 
second signals. 



35 
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58. A rotary position detector, comprising: 

first and second members, at least one of which is 
rotatable relative to the other about an axis of 
rotation; 

5 said first member comprising: 

(a) a first magnetic field generator for generating 
a magnetic field which spatially varies around said axis 
of rotation in a cyclic manner with an angular frequency 
of M; and 

10 (b) a second magnetic field generator comprising 

a winding which is wound around said axis of rotation and 
which has a plurality of loop portions circumf erentially 
spaced around said axis of rotation, for generating a 
magnetic field which spatially varies around said axis 
15 of rotation in a cyclic manner and which comprises a 
;*>. fundamental component with an angular frequency of N and 
some harmonic components thereof, 

wherein N < M and wherein the circumferential 
•v spacing between said loop portions is arranged so as to 
20 :v eliminate the harmonic components generated by said 
second magnetic field generator which have an angular 
frequency of M i 1; 

said second member comprising: 

(a) a first sensor which is sensitive to magnetic 
25 fields which spatially vary Ground said axis of rotation 

in a cyclic manner and with an angular frequency of M; 
and 

(b) a second sensor which is sensitive to magnetic 
fields which spatially vary around said axis of rotation 

30 in a cyclic manner and with an angular frequency of N; 

whereby, in response to a magnetic field being 
generated by said first and second magnetic field 
generators, first and second signals are generated by 
said first and second sensors respectively, which signals 

35 vary with the relative angular position of said first and 
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second members; and 

means for determining the relative angular position 
of said first and second members from said first and 
second signals. 

5 

59. A rotary position detector , comprising: 

first and second members, at least one of which is 
rotatable relative to the other about an axis of 
rotation; 

10 said first member comprising: 

(a) a first magnetic field generator for generating 
a magnetic field which spatially varies around said axis 
of rotation in a cyclic manner with an angular frequency 
of M; and 

15 (b) a second magnetic field generator comprising 

a winding which is wound around said axis of rotation and 
which has a plurality of loop portions circumf erentially 
spaced around said axis of rotation, for generating a 
magnetic field which spatially varies around said axis 

20 of rotation in a cyclic manner and which comprises a 
fundamental component with an angular frequency of N and 
some harmonic components thereof, 

wherein N < M and wherein the circumferential 
spacing between said loop portions is arranged so as to 

25 reduce the amount of some of the harmonic components 
generated by said second magnetic field generator; 

said second member comprising a sensor which is 
sensitive to magnetic fields which spatially vary around 
said axis of rotation in a cyclic manner and with an 

30 angular frequency of N or M; and 

whereby, in response to a magnetic field being 
generated by said first and second magnetic field 
generators, first and second signals are generated by 
said sensor, which signals vary with the relative angular 

35 position of said first and second members; and 
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means for determining the relative angular position 
of said first and second members from said first and 
second signals . 

5 60. A transducer for use in a position detector 
according to any preceding claim, comprising the first 
and second magnetic field generators of any preceding 
claim and the first and second sensors of any preceding 
claim. 

10 

61. A transducer for use in a rotary position detector, 
comprising: 

(a) a first magnetic field generator for generating 
a magnetic field which spatially varies around an axis 

15 in a cyclic manner with an angular frequency of M; 

(b) a second magnetic field generator comprising 
v.; a winding which is wound around said axis and which has 

a plurality of loop portions circumf erentially spaced 
.3; around said axis of rotation, for generating a magnetic 
20 z- field which spatially varies around said axis in a cyclic 
manner and which comprises a fundamental component with 
an angular frequency of N and some harmonic components 
thereof , 

wherein N < M and wherein the circumferential 
25 spacing between said loop portions is arranged so as to 
reduce the amount of some of the harmonic components 
generated by said second magnetic field generator; 

(c) a first sensor which is sensitive to magnetic 
fields which spatially vary around said axis in a cyclic 

30 manner and with an angular frequency of M; and 

(d) a second sensor which is sensitive to magnetic 
fields which spatially vary around said axis in a cyclic 
manner and with an angular frequency of N. 

35 62. A transducer for use in a rotary position detector, 
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comprising: 

a first circuit board comprising at least two layers 
of conductor tracks which are connected together at a 
plurality of vias to form: 
5 (a) a first winding which, when energised, is 

operable for generating a magnetic field which spatially 
varies around an axis of the circuit board in a cyclic 
manner and with. an angular frequency of M; and 

(b) a second winding which is wound around said 
10 axis and which has a plurality of loop portions 
( circumf erentially spaced around said axis of rotation, 
which winding is operable, when energised, for generating 
a magnetic field which spatially varies around said axis 
in a cyclic manner and which comprises a fundamental 
15 component with an angular frequency of N and some 
harmonic components thereof, 

wherein N < M and wherein the circumferential 
spacing between said loop portions is arranged so as to 
reduce the amount of some of the harmonic components 
20 which are generated by said second winding when it is 
energised; and 

a second circuit board comprising at least two 
layers of conductor tracks which are connected together 
at a plurality of vias to form: 
25 (a) a first sensor winding which is wound around 

an axis of the second circuit board in a cyclic manner 
so as to have a sensitivity to magnetic fields which 
spatially vary around said axis with an angular frequency 
of M; and 

30 (b) a second sensor winding which is wound around 

said axis in a cyclic manner so as to have a sensitivity 
to magnetic fields which spatially vary around said axis 
with an angular frequency of N. 

35 63. A method of detecting the position of first and 
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second members, at least one of which is rotatable 
relative to the other about an axis of rotation, the 
method comprising the steps of: 

providing on the first member (a) a first magnetic 
5 field generator for generating a magnetic field which 
spatially varies around said axis of rotation in a cyclic 
manner with an angular frequency of M; and (b) a second 
magnetic field generator comprising a winding which is 
wound around said axis of rotation and which has a 

10 plurality of loop portions circumf erentially spaced 
around said axis of rotation, for generating a magnetic 
field which spatially varies around said axis of rotation 
in a cyclic manner and which comprises a fundamental 
component with an angular frequency of N and harmonic 

15 components thereof, 

wherein N < M and wherein the circumferential 
spacing between said loop portions is arranged so as to 
reduce the amount of predetermined ones of the harmonic 
-3 components generated by said second magnetic field 

20 - generator; 

providing on said second member (a) a first sensor 
which is sensitive to magnetic fields which spatially 
vary around said axis of rotation in a cyclic manner and 
with an angular frequency of M; and (b) a second sensor 

25 which is sensitive to magnetic fields which spatially 
vary around said axis of rotation in a cyclic manner and 
with an angular frequency of N; 

generating a magnetic field with said first and 
second magnetic field generators; 

30 sensing the magnetic fields generated by said first 

and second magnetic field generators with said sensors, 
to generate first and second signals which vary with the 
relative angular position of the first and second 
members ; and 

35 determining the relative angular position of said 
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first and second members from said first and second 
signals . 
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